1. Introduction {#sec1-materials-12-03726}
===============

*Listeria monocytogenes* is a widespread food contaminant of major safety concern especially in ready-to-eat (RTE) food products. In 2017, 2480 cases of listeriosis were reported in Europe, with 1.8% overall occurrence of *Listeria monocytogenes* in RTE meat products \[[@B1-materials-12-03726]\], although other pathogenic bacteria such as *Salmonella*, Shiga-toxin producing *E. coli* and *Staphylococcus aureus*, could also be found in such products. *Listeria monocytogenes* is a psychrotrophic bacterium and has the ability to proliferate at various temperatures and environmental conditions \[[@B2-materials-12-03726]\]. This pathogen can be spread within food processing plants via raw materials, equipment and human activities, and is able to adhere to many food contact surfaces. Furthermore, the prevalence of *Listeria monocytogenes* in RTE products which are preserved under refrigeration such as deli products, is of major concern due to the fact that are generally consumed without further processing \[[@B3-materials-12-03726]\].

RTE meat products that have undergone thermal treatment during processing are usually deemed as safe and free of pathogens \[[@B4-materials-12-03726]\]. Among RTE meat products, sliced ham remains on demand, due to consumers' modern lifestyle. Although ham is a thermally-processed product, other activities such as slicing and handling considerably increase the likelihood of post-processing contamination. Consequently, ensuring safety during the entire shelf-life, without adding or increasing food additives or preservatives is a challenge for food manufacturers worldwide \[[@B5-materials-12-03726]\]. On the other hand, particularly for sliced ham, the quality can be easily compromised, due to the development of off-aromas, rancidity, and issues related to the appearance of the product \[[@B6-materials-12-03726]\]. Such issues have encouraged research in new technologies for RTE products in order to inhibit microbial growth, while ensuring quality, freshness and nutritional value \[[@B7-materials-12-03726]\].

Several methods have been investigated to extend shelf-life or decontaminate food products. Non-thermal alternative processing technologies have been widely accepted throughout the food industry \[[@B8-materials-12-03726]\]. Especially for sliced cooked meat products a promising technology is high pressure processing (HPP). HPP is a processing technique, in which microorganism inactivation occurs with the use of high pressure; usually above 300 MPa, while the processing temperature does not increase beyond 40 °C \[[@B8-materials-12-03726],[@B9-materials-12-03726]\]. HPP causes destruction of microbial vegetative cells and enzyme inactivation, without adverse effects on the sensory characteristics of the product \[[@B10-materials-12-03726]\]. However, the efficacy of the treatment depends on the applied pressure, the time of exposure and the treatment's temperature \[[@B9-materials-12-03726],[@B10-materials-12-03726]\]. Details regarding the technology of HPP for meat products have been reported previously \[[@B10-materials-12-03726],[@B11-materials-12-03726],[@B12-materials-12-03726],[@B13-materials-12-03726]\]. The HPP treatment can be satisfactorily combined with new packaging systems or natural antimicrobial compounds in the sense of a "hurdle concept", where all the factors can act synergistically, to reach the objective of minimal processing, without compromising the products' safety \[[@B4-materials-12-03726]\].

Active packaging is a system where the product, the package and the package environment interact with each other \[[@B14-materials-12-03726]\]. Active packaging technologies aim to extend the shelf-life and enhance the safety by retarding or even inhibiting the spoilage or the growth of pathogenic microorganisms, and also maintain or improve the properties of the packaged food \[[@B15-materials-12-03726],[@B16-materials-12-03726]\]. The mechanism of this type of packaging is based on the incorporation of active compounds into the packaging material to absorb substances from the food or its environment, or to release agents from the packaging to the food \[[@B14-materials-12-03726],[@B17-materials-12-03726]\]. Antimicrobial active packaging is a type of active packaging, which has received a lot of attention by both researchers and industries, with numerous commercial applications so far. Antimicrobial substances may be released through evaporation or migrated into food through diffusion and partitioning, directly with application on the food surface or indirectly with their incorporation into carrier materials such as coatings or edible films \[[@B18-materials-12-03726]\]. Other antimicrobial effects can also be provided with this technology through oxygen scavenging systems, moisture absorbing systems, carbon dioxide generation, ethanol generation, and humidity buffering \[[@B14-materials-12-03726]\]. Active packaging and antimicrobial packaging technologies have been reviewed elsewhere in detail \[[@B14-materials-12-03726],[@B18-materials-12-03726],[@B19-materials-12-03726],[@B20-materials-12-03726],[@B21-materials-12-03726],[@B22-materials-12-03726],[@B23-materials-12-03726],[@B24-materials-12-03726],[@B25-materials-12-03726]\].

Natural or chemical antimicrobial compounds may be used in antimicrobial active packaging. Due to the fact that the use of chemical substances raises safety concerns to the consumers and efforts have been made to eliminate their use, the application of natural antimicrobial compounds is of great interest \[[@B26-materials-12-03726]\]. Antimicrobial compounds such as bacteriocins, enzymes, ethanol or essential oils, have been studied thoroughly to determine their effectiveness against spoilage and pathogenic microorganisms in food matrices \[[@B27-materials-12-03726],[@B28-materials-12-03726],[@B29-materials-12-03726],[@B30-materials-12-03726],[@B31-materials-12-03726],[@B32-materials-12-03726],[@B33-materials-12-03726]\]. Essential oils (EO) are aromatic natural substances extracted by steam distillation from aromatic plants, herbs and spices and most of them are classified as generally recognised as safe (GRAS). Many studies are available regarding the *in vitro* antimicrobial properties of certain EOs, with quite low values of minimal inhibitory concentrations (MIC) against pathogens, including *Listeria monocytogenes*. Reports have shown that higher concentrations of EOs are required for food applications compared to laboratory media, due to their interactions with food components \[[@B34-materials-12-03726]\]. Numerous studies have confirmed that the EO of oregano (*Origanum vulgare*) is very effective against food spoilage and pathogenic microorganisms \[[@B35-materials-12-03726],[@B36-materials-12-03726]\] and it has been used as antimicrobial agent in meat and meat products to control *Listeria monocytogenes* \[[@B34-materials-12-03726],[@B37-materials-12-03726],[@B38-materials-12-03726],[@B39-materials-12-03726]\]. The chemical composition of oregano EO includes a mixture of *p*-cymene, *α*-terpinene, thymol and carvacrol, with the latter two components being the most important due to their effects on bacterial membranes \[[@B40-materials-12-03726]\]. Additionally, it has been reported that these compounds have the ability to protect against oxidation processes \[[@B41-materials-12-03726]\].

It has to be noted that the use of EOs as food preservatives is still limited because of their intense flavour \[[@B16-materials-12-03726],[@B26-materials-12-03726],[@B42-materials-12-03726]\]. An alternative methodology to minimize the sensory effects can be the incorporation of EOs into polymer matrices such as edible films/coatings, leading to the reduction of the organoleptic impact of the substances, while their diffusion to the product can be controlled \[[@B42-materials-12-03726],[@B43-materials-12-03726]\]. As an edible film can be defined a layer of material that is applied to the surface of a food product and can normally be consumed with it. Edible films can be particularly useful as carriers of essential oils, due to their ability to maintain high concentrations of these substances on the food surface \[[@B44-materials-12-03726]\]. The incorporation of essential oils in edible films has a great impact on the control of bacterial growth during the storage of meat and meat products, since contamination usually occurs on the surface of such products \[[@B45-materials-12-03726]\]. Sodium alginate is a polysaccharide that has received a lot of attention as a film matrix due to its biocompatibility and low toxicity. This material is usually obtained from seaweeds and has the ability to form a strong film that presents better performances when compared to other materials regarding water permeability and mechanical properties \[[@B46-materials-12-03726]\]. It is important to be mentioned that alginate has been applied to meat and meat products, since it delays dehydration and eliminates the effects of lipid oxidation \[[@B47-materials-12-03726]\].

Since sublethally injured pathogens could be more susceptible to antimicrobial compounds such as EOs, the combined application of HPP and other preservation technologies could theoretically increase pathogen inactivation, while at the same time the use of relatively low pressure levels enhances the preservation of the quality characteristics of the product. The objective of the present study was to evaluate the effectiveness of different treatments and their combination to control *Listeria monocytogenes* during storage of vacuum-packed sliced ham at different temperatures (4, 8 and 12 °C). The treatments used were i) application of HPP, ii) antimicrobial packaging using Na-alginate edible films with oregano essential oil, and iii) a combination of these two technologies. The effect of the different treatments on the shelf-life of the product was also assessed.

2. Materials and Methods {#sec2-materials-12-03726}
========================

2.1. Bacterial Strains and Cocktail Preparation {#sec2dot1-materials-12-03726}
-----------------------------------------------

Three strains of *Listeria monocytogenes*, kindly provided by the laboratory of Microbiology and Biotechnology of Foods of Agricultural University of Athens (Food Microbiology Culture Collection-FMCC), were used in the present study. The strains, namely FMCC-B-129, FMCC-B-131 and FMCC-B-133, were originated from Greek industries. More specifically, the three strains were isolated from RTE frozen minced meat meal, conveyor belt of RTE frozen food and from soft cheese, respectively. The pure cultures were stored in −80 °C in brain heart infusion broth (BHI, LabM, Lancashire, UK) supplemented with 20% (*v*/*v*) glycerol. The strains were subcultured twice in BHI broth for 24 h and 18 h at 37 °C, before use. Bacterial cells were harvested separately by centrifugation at 10,000 g for 10 min, washed in ¼ strength Ringer's solution (this step was performed twice), and finally resuspended in 10 mL of the aforementioned solution. The three-strain cocktail was prepared by mixing the three strains in equal volumes. The final mixture was used to inoculate ham slices at an approximate level of 4 log CFU/g. Inoculum size was confirmed by serial dilutions and plating on Palcam Agar base (LabM, Lancashire UK), for *Listeria* spp., incubated at 30 °C for 48 h.

2.2. Ham Slices {#sec2dot2-materials-12-03726}
---------------

Sliced ham in commercial packages was purchased from a local supermarket (Athens, Greece) with dimensions 10 cm × 10 cm, 2 mm thick and 20 g approximate weight per slice. Due to a possible contamination, the first 5 slices coming out from the cutting machine were removed completely, as well as all the slices that were in direct contact with the packaging material provided by the supermarket. Ham slices were inoculated with the *Listeria* cocktail at levels of *ca.* 4 log CFU/g, and were then processed according to each case scenario. Ham slices were also prepared, without the addition of *Listeria monocytogenes* and were used for sensory evaluation. Three storage temperatures were examined in the present study (4, 8 and 12 °C), while two independent experiments were performed with duplicate samples in each experiment. On each independent experiment, ham slices by different manufacturer were used.

2.3. High Pressure Processing (HPP) Treatment {#sec2dot3-materials-12-03726}
---------------------------------------------

HPP treatment was conducted at the pressure of 500 MPa for 2 min at room temperature (20 °C), when applied according to the case. Both pressure and temperature were monitored and recorded during the process with 1 s intervals, while for the pressurization time reported (2 min) the pressure come-up and release times were excluded. Details regarding the high pressure equipment and operating conditions are available elsewhere \[[@B48-materials-12-03726],[@B49-materials-12-03726]\].

2.4. Preparation and Application of Na-Alginate Edible Films {#sec2dot4-materials-12-03726}
------------------------------------------------------------

The preparation of Na-alginate edible films was performed as previously described by Kapetanakou et al. \[[@B18-materials-12-03726]\]. Briefly, 2 g of Na-alginate (Applichem GmbH, DarmstadtCity, Germany) was added gradually in 100 mL of pre-warmed (65 °C) distilled sterile water and under constant agitation for complete dissolution. A total of 1 mL of glycerol was used as a plasticizer in order to improve the film's flexibility. After the addition of the glycerol, the forming solution was kept at 4 °C for approximately 30 min to lower the temperature, until the addition of the essential oil. Oregano essential oil (Ecopharm, Hellas) was added under stable agitation at a final volume of 1% (*v*/*v*) in the forming solution, for the preparation of the oregano essential oil-supplemented edible films (OEOS). Na-alginate solution without the addition of oregano essential oil was also prepared for the oregano essential oil-free edible films (OEOF). Films were produced in square Petri-dishes using 20 g of Na-alginate forming solution and were immediately placed in a laminar flow cabinet at room temperature to dry for 12 h. Once the films were dry, aliquots of 20 mL of 2% (*w*/*v*) CaCl~2~ were added in the Petri-dishes for 1 min, so that the films get detached (ca. 0.5 g). After the preparation, the films were stored under refrigeration until their final application (less than 24 h), when needed.

2.5. Microbiological Analysis {#sec2dot5-materials-12-03726}
-----------------------------

Microbiological analyses were carried out throughout the storage period in all temperatures tested. Samples of ham slices (10 g) were weighed aseptically, added to sterile ¼ strength Ringer's solution (90 mL) (LabM, Lancashire, UK), and finally homogenized in a stomacher (Stomacher 400 Circulator, Seward Limited, Norfolk, UK) for 1 min at room temperature. Serial decimal dilutions were prepared in the same diluent and the appropriate dilutions were poured or spread using 1 or 0.1 mL, respectively. The agar media used were the following: de Man-Rogosa-Sharpe (MRS) medium (CM 1153, Oxoid, Hampshire, UK) for lactic acid bacteria (LAB), overlaid with the same medium and incubated at 30 °C for 72 h; M17 Agar (4017192, Biolife, Milano, Italy) for lactococci/streptococci, incubated at 30 °C for 72 h; Plate Count Agar (LAB149, LabM, Lancashire, UK) for total viable counts (TVC), incubated at 30 °C for 48 h; Streptomycin Thallous Acetate-Actidione Agar (STAA, CM0881, supplemented with selective supplement SR0151, Biolife, Milano, Italy) for *Brochothrix thermosphacta*, incubated at 25 °C for 48 h; Rose Bengal Chloramphenicol Agar (LAB036 supplemented with selective supplement X009, LabM, CityLancashire, UK), for yeasts/molds, incubated at 25 °C for 5 days; Violet Red Bile Glucose Agar (CM0485, Oxoid, Hampshire, UK) for *Enterobacteriaceae*, incubated at 37 °C for 24 h; Pseudomonas Agar base (LAB108 supplemented with selective supplement X108, LabM, Lancashire, UK), for *Pseudomonas* spp., incubated at 25 °C for 48 h; as well as Palcam Agar base (LAB148 supplemented with selective supplement X144, LabM, Lancashire, UK), for *Listeria* spp., incubated at 30 °C for 48 h. In cases where the levels of *Listeria* were below the detection limit of the enumeration method, enrichment was followed according to ISO 11290-1:1996/Amd 1:2004 \[[@B50-materials-12-03726]\], using the following media: Half Fraser broth (Biolife, Milano, Italy) incubated at 30 °C for 24 h, Fraser broth (Biolife, Milano, Italy), incubated at 37 °C for 48 h and Agar Listeria Ottaviani and Agosti (ALOA, Biolife, Milano, Italy), incubated at 37 °C for 24 or 48 h.

2.6. Isolation of Listeria Cells and Strain Differentiation {#sec2dot6-materials-12-03726}
-----------------------------------------------------------

Ham slices were analyzed at specific time intervals during their storage at the different temperatures and from all the cases tested (with or without HPP treatment, with or without edible films (either OEOF or OEOS). From specific time points, approximately 20% of the colonies were randomly collected from the appropriate dilution on Palcam agar base or ALOA, after the enrichment step. The isolates, after checked for their purity, were stored in −80 °C in BHI broth, supplemented with 20% (*v*/*v*) glycerol. Before further analysis, each isolate was grown twice in BHI broth at 37 °C for 24 h.

For *Listeria monocytogenes* typing, pulsed field gel electrophoresis (PFGE) was used according to Kagkli et al. \[[@B51-materials-12-03726]\]. The restriction enzyme ApaI (10U) (New England Biolabs, Ipswich, MA, USA) was used in line with the recommendations from the manufacturer for 18 h. After the digestion step, restriction fragments were separated in 1% PFGE grade agarose gel in 0.5 mM Tris-Borate buffer on a CHEF-DRIII (BIO-RAD, Hercules, CA, USA) equipment with the following running parameters: 6 V cm^−1^, 1 s initial switching time, 40 s final switching time and 18 h total run at 14 °C. The obtained restriction profiles were then compared to the PFGE fingerprints of the inoculated *Listeria* strains.

2.7. pH and Color Determination {#sec2dot7-materials-12-03726}
-------------------------------

The pH value of the samples was recorded with a digital pH meter (HI 2211 pH-ORP Meter, HANNA Instruments, Woonsocket, RI, USA), during storage at different temperatures at different time intervals. After finishing the microbiological analysis, the ham homogenate (stomacher homogenate) was used to measure the pH of the samples.

The color of the ham samples was evaluated by taking at least five random readings from the surface of the different samples using a Minolta Chroma Meter fitted with CR-300 measuring head (Minolta, Osaka, Japan). Measurements of the instrument were standardized with respect to a white calibration plate, every time before use. The CIE (Commission Internationale de l'Eclairage), *L*\*, *a*\*, *b*\*, colorimetry system was used for color determination with *L*\* representing lightness, *a*\* representing redness and *b*\* representing yellowness. All of the measurements were collected from areas on the ham surface without visual excess fat, and the values were recorded for *C*\* (chroma) calculation using the following equation: *C*\* = (*a*\*^2^ + *b*\*^2^)^1/2^. Values regarding control and OEOF samples (without essential oil), were common with those reported in our previous paper \[[@B52-materials-12-03726]\], while the results relevant to the essential oil supplemented films---OEOS (which is the purpose of this paper) are reported for first time in the current paper.

2.8. Sensory Evaluation {#sec2dot8-materials-12-03726}
-----------------------

Sensory evaluation of ham slices (non-pathogen inoculated samples) was performed during storage at all temperatures, according to Gill and Jeremiah \[[@B53-materials-12-03726]\], while further details regarding the design of the sensory evaluation were previously reported \[[@B52-materials-12-03726]\]. It has to be noted that, the results regarding sensory evaluation of control and OEOF samples (without essential oil), were common with those reported in our previous paper \[[@B52-materials-12-03726]\], while the results relevant to essential oil supplemented films---OEOS (which is the purpose of this paper) were reported for first time in the current paper. Briefly, a trained sensory panel of 5 members was used and sensory analysis was performed at the same time intervals with the microbiological sample points. The same 5 trained members were used throughout the sensory evaluation and were always blinded to the tested sample. Sensory evaluation was conducted under artificial light in individual booths in a sensory analysis room allocated in the Institute of Technology of Agricultural Products of Hellenic Agricultural Organization---DEMETER. The selected descriptors were based on the perception of aroma, taste and appearance. Each attribute was scored on a three-point hedonic scale ranging from 1 (fresh) to 3 (unacceptable), since the aim of the sensory evaluation was the detection of changes with regards to aroma, taste and appearance that are related to spoilage. Intermediate sensory qualities were attributed to scores of 1.5, 2 and 2.5, while scores \> 2 indicated the end of shelf-life and classified the product as spoiled. A total value was calculated as a mean value of the aroma, taste and appearance, rounded to the closest value.

2.9. FTIR Analysis {#sec2dot9-materials-12-03726}
------------------

The FTIR analysis was performed as previously described by Pavli et al. \[[@B54-materials-12-03726]\]. Briefly, for the FTIR analysis a ZnSe 45° attenuated total reflectance (ATR) flat plate crystal was used on a Perkin Elmer Frontier FTIR spectrometer equipped with a DLaTGS detector with KBr window (PerkinElmer Inc., Seer Green, UK). The spectrometer collected spectra over the wavenumber range 4000--650 cm^−1^ and was programmed with PerkinElmer Spectrum v10.4.2 software (Seer Green, UK). The FTIR analysis included 10 scans per measurement with a resolution of 4 cm^−1^. FTIR spectra between 4000 and 650 cm^−1^ were used for further analysis.

### 2.9.1. Data Analysis and Partial Least Squares (PLS) Modeling {#sec2dot9dot1-materials-12-03726}

The Unscrambler software (version 9.7, CAMO, Oslo, Norway) was used to perform the data analysis. The collected FTIR spectral data were standardized at the beginning using standard normal variate (SNV) transformation. Then, the normalized data were mean centered and subjected to partial least squares (PLS) analysis to examine the relationships between FTIR spectral data and the data from the microbiological analyses. The data were divided in two data sets, one batch of ham samples was used for the training of the model (50%) and the other one for the validation (50%). PLS-R models were built for the quantitative analysis of the LAB, lactococci/streptococci and TVC population, using the FTIR data as input variables and the counts of each microbial group as output variables.

### 2.9.2. Evaluation of Model Performance {#sec2dot9dot2-materials-12-03726}

For the prediction of LAB, lactococci/streptococci and TVC in each sample, the following performance indices were calculated; accuracy (A*~f~*) and bias (B*~f~*) factors \[[@B55-materials-12-03726]\] together with root mean squared error (RMSE) and the percentage of prediction error (%PE). Prediction errors (PE, in log10) were calculated as PE = O-P, where O is the observed value (log), P is the predicted value (log), while a PE \< 0 indicates fail-safe predictions and PE \> O indicates fail-dangerous predictions.

The acceptable prediction zone (APZ) was established as −1.0 log \< acceptable PE \< 0.5 log, and it was twice as wide in the fail-safe area, since a larger error can be tolerated in the fail-safe area when a model is used to predict food safety \[[@B56-materials-12-03726]\].

The percentage of PE (%PE) falling within the APZ served as an overall assessment of the model's performance and PE total is the total number of PE in the evaluation. A %PE of \> 70% indicated a simulation model that provided acceptable predictions for the validation data set \[[@B57-materials-12-03726]\].

2.10. Statistical Analysis {#sec2dot10-materials-12-03726}
--------------------------

All experiments were carried out in duplicate with two independent batches of ham slices each. The results from different treatments were analyzed using multifactor analysis of variance in order to test the effect of independent main factors (treatment, bacterial populations, pH, color, sensory scores) on the dependent variable (*Listeria monocytogenes* counts). Means were compared with Duncan post-hoc tests and differences were considered as significant at a 5% level. The differences regarding the factor "pressure" were evaluated using the student T-test to compare the means of the two different groups (with and without HPP treatment). The statistical analysis was performed with IBM® SPSS® Statistics for Windows software, Version 24.0 (IBM Corp., New York, NY, USA).

3. Results {#sec3-materials-12-03726}
==========

3.1. Microbiological Results {#sec3dot1-materials-12-03726}
----------------------------

Microbiological analysis was performed in all samples for each treatment and the results are presented in [Figure 1](#materials-12-03726-f001){ref-type="fig"}, [Figure 2](#materials-12-03726-f002){ref-type="fig"} and [Figure 3](#materials-12-03726-f003){ref-type="fig"}, for the storage temperature of 4, 8 and 12 °C, respectively. The initial population of ham was 2.51 ± 0.67 for LAB, 3.15 ± 0.11 for lactococci/streptococci and 3.19 ± 0.09 log CFU/g for TVC. When pressure was applied the initial population of ham decreased to 1 log CFU/g for LAB, lactococci/streptococci and TVC. As shown in [Figure 1](#materials-12-03726-f001){ref-type="fig"}, [Figure 2](#materials-12-03726-f002){ref-type="fig"} and [Figure 3](#materials-12-03726-f003){ref-type="fig"}, all bacterial populations increased in counts during the storage in all temperatures. However, in the cases of HPP treatment, all microbial groups reached their maximum population in later time points depending on the storage temperature. In general, differences were observed between the counts of the bacterial populations in some of the cases, with the lowest counts exhibited by the LAB, while counts of lactococci/streptococci and TVC were very similar throughout the storage period. The application of HPP treatment resulted to intense variations in the standard deviations at each time point. Furthermore, slightly lower bacterial counts were observed in the case of OEOS edible films application. LAB, lactococci/streptococci and TVC were affected significantly (*p* \< 0.05) by "pressure" and "time" at 4, 8 and 12 °C. The factor "treatment" affected significantly (*p* \< 0.05) the LAB and lactococci/streptococci at 4 °C, but not the TVC counts (*p* \> 0.05). Differently, all bacterial counts were affected (*p* \< 0.05) by "treatment" at storage temperatures of 8 and 12 °C. When OEOS edible film was used, the bacterial counts of all populations were significantly lower (*p* \< 0.05), regardless the storage temperature. It has to be noted that in every sampling point, other microbial populations such as *Brochothrix thermosphacta*, *Pseudomonas* spp., *Enterobacteriaceae* and yeasts/molds were always below the detection limit (\<1 log CFU/g).

Growth curves of *Listeria* are presented in [Figure 4](#materials-12-03726-f004){ref-type="fig"}, for every treatment and storage temperature. The initial inoculum of *Listeria* was 3.91 ± 0.11 log CFU/g in the ham slices, with the application of HPP treatment reducing it to 2.74 ± 0.65 log CFU/g. For the cases without HPP treatment, *Listeria* mean counts were higher (*p* \< 0.05) compared to the samples with OEOS edible films for the three temperatures. *Listeria* growth was not observed in any case throughout the storage time. Additionally, the application of HPP treatment, led to a decrease in *Listeria* counts in undetectable levels, before or at the end of the shelf-life, while the combination of HPP and OEOS edible films led to such decrease far before the end of the shelf-life at all storage temperatures. All the factors; "pressure", "treatment" and "time" were found to affect significantly (*p* \< 0.05) the counts of *Listeria* at all storage temperatures. Regarding the factor "treatment" lower mean values were observed for the case of OEOS edible films application. However, slightly higher mean counts of *Listeria* were observed in the control case, compared to the case of OEOF edible films application.

3.2. pH and Color Measurements {#sec3dot2-materials-12-03726}
------------------------------

[Figure 5](#materials-12-03726-f005){ref-type="fig"} demonstrates the changes in the pH during storage at the three storage temperatures and for all the cases tested. The pH values for all the cases were decreased by time, and the decrease was more intense in the cases where HPP treatment was not applied. In addition, storage temperature affected the final values of the pH, with the lowest ones to be observed at the storage temperature of 12 °C (abuse temperature). The pH was affected by the factors "pressure", "treatment" and "time" (*p* \< 0.05) in all temperatures tested (4, 8 and 12 °C). In [Figure 6](#materials-12-03726-f006){ref-type="fig"}, the *C*\* values are presented for each case and for the three storage temperatures. The application of OEOS edible films affected the mean values of *C*\* (higher values) and such differences were observed in all temperatures. Differently, the factors "pressure" and "time" did not affect significantly (*p* \> 0.05) the *C*\* values at any temperature.

3.3. Sensory Assessment {#sec3dot3-materials-12-03726}
-----------------------

The results of the sensory evaluation of the different treatments and cases are presented in [Figure 7](#materials-12-03726-f007){ref-type="fig"}. The application of HPP affected significantly the sensory characteristics of the ham slices in all storage temperatures and lower scores (more fresh/less spoiled) were given by the panelists compared to the untreated samples for the same time points. The presence of edible films supplemented with oregano essential oil (OEOS), improved the aroma scores given by the panelists in most of the cases. In addition, the appearance was evaluated better (lower values) in the HPP treated samples compared to the non-treated. As "shelf-life" was established the period of time when the ham slices showed acceptable sensory characteristics with regard to aroma, taste and appearance, whereas total scores \> 2 specified the end of the shelf-life ([Figure 7](#materials-12-03726-f007){ref-type="fig"}).

3.4. Monitoring Survival and Strain Differentiation of Listeria Monocytogenes {#sec3dot4-materials-12-03726}
-----------------------------------------------------------------------------

As showed previously, [Figure 4](#materials-12-03726-f004){ref-type="fig"} represents the *Listeria* counts for the ham slices for each treatment and storage temperature. Isolates of *Listeria* were recovered from petri dishes of Palcam agar base from the highest dilution or after the enrichment step for each time point and treatment and the presence or absence, as well as the percentage of each of the inoculated strains was confirmed with PFGE. The results are presented in [Figure 8](#materials-12-03726-f008){ref-type="fig"}, [Figure 9](#materials-12-03726-f009){ref-type="fig"} and [Figure 10](#materials-12-03726-f010){ref-type="fig"} for the storage temperature of 4, 8 and 12 °C, respectively.

The initial distribution of the inoculated strains was 41.9% for B129, 22.6% for B131 and 35.5% for B133. The application of OEOS films on the ham slices affected the percentages of recovery of the strains, with the strain B129 being the only one surviving at 4 and 8 °C, while at 12 °C for the same treatment all the strains were detected. In general, it has to be noted that the results obtained from the control and OEOF samples were very similar for the samples without HPP treatment.

In the case of the HPP application, the initial distribution of the strains was totally different. Specifically, exactly after the HPP treatment the percentages of recovery in the ham slices were 5.9% for B129, 94.1% for B131, while B133 was not detected at all in the beginning of storage period in any case. The only case when the strain B133 was detected after HPP treatment, was in control samples and in the middle of the storage period at 8 and 12 °C. From the results, it is proven that the strain that managed to be recovered widely after the HPP application was B131. *Listeria monocytogenes* strains were not detected in the cases of the combined application of HPP and OEOS edible films, at 4 °C in the middle and end of storage period, with the only exception being the case of 8 and 12 °C, when the strain B131 was recovered after enrichment in the middle of storage, but not in the end.

3.5. FTIR Spectroscopy {#sec3dot5-materials-12-03726}
----------------------

Typical FTIR spectra from 4000 to 650 cm^−1^ collected from each group of ham slices at 12 °C and at the end of the shelf-life are presented in [Figure 11](#materials-12-03726-f011){ref-type="fig"}, for samples with or without HPP treatment. As shown in [Figure 11](#materials-12-03726-f011){ref-type="fig"}, major peaks are observed at 3650--3100 cm^--1^, due to the presence of water in the samples, at 1748 cm^−1^ due to esters from lipids and at 1650 cm^--1^ due to moisture and amide I bands of the proteins. The spectra collected were similar to those reported previously for ham in the spectral region from 1730 to 850 cm^--1^ \[[@B58-materials-12-03726]\]. Other minor intensity peaks are observed at 2925 (--CH~2~ asymmetric stretch), 2853 (aliphatic --CH~2~ groups of fatty acids), 1154 (CO--O--C asymmetric stretch, glycogen and nucleic acids), and 1040--1042 cm^−1^ (primary amines, C--N stretch, C--O stretch, polysaccharides) \[[@B59-materials-12-03726],[@B60-materials-12-03726],[@B61-materials-12-03726]\]. The spectral changes were more intense during the storage temperature at 12 °C and less intense, in the cases were HPP treatment was applied.

The performance indices of the validation PLS regression models are presented in [Table 1](#materials-12-03726-t001){ref-type="table"}, for each group of samples (without or with HPP treatment) and for each bacterial group (LAB, lactococci/streptococci and TVC). The bias factor (B*~f~*) was estimated close to one for all the cases, showing good correlation between observations and predictions. On the other hand, the accuracy factor (A*~f~*) was estimated to be different between the cases with regard to HPP. Values close to one were observed for the samples without the HPP treatment, which shows that predictions were generally close to observations, while in the cases with HPP treatment, the values were quite higher. Specifically, the average deviation between predictions and observations were 8.2% for LAB, 6.6% for lactococci/streptococci and 5.9% for TVC for the non HPP treated samples, while the corresponding numbers for HPP samples were 30.5% for LAB, 31.1% for lactococci/streptococci and 23.5% for TVC. Analogous results were observed for the RMSE index, with low estimated values for the cases without the HPP treatment (lowest value observed for TVC: 0.56), but quite higher for the cases when HPP treatment was applied, with the highest value estimated for lactococci/streptococci (1.735). For the cases without HPP treatment, the percentage of prediction error was higher than the acceptable (≥70%) for lactococci/streptococci and TVC, while for LAB, was estimated as 66.38%. For the cases with HPP treatment the PE% were quite low; 30.72 for LAB, 37.57 for lactococci/streptococci and 47.54% for TVC.

4. Discussion {#sec4-materials-12-03726}
=============

Sliced ham is one of the most popular and widely consumed RTE meat products in the market. The production of ham normally entails a thermal or curing processing, before it is suitable for consumption. The application of HPP as an alternative method instead of the thermal pasteurization gained a lot of attention the past decade, especially to be used for meat products and ham. A variety of HPP products can be found in USA and Japan, as well as in Spain, which is a pioneer in high pressure processed meat \[[@B13-materials-12-03726]\]. There are many studies available in the literature with regard to the efficacy of the HPP application in meat products and the limitations observed for each product category, including ham \[[@B4-materials-12-03726],[@B62-materials-12-03726],[@B63-materials-12-03726],[@B64-materials-12-03726],[@B65-materials-12-03726],[@B66-materials-12-03726],[@B67-materials-12-03726],[@B68-materials-12-03726],[@B69-materials-12-03726],[@B70-materials-12-03726]\].

HPP treatment is deemed to be efficient for pathogen inactivation, especially for *Listeria monocytogenes* in meat and meat products and the findings of this study support this claim. *Listeria* counts were reduced from 3.91 to 2.74 log CFU/g after HPP at 500 MPa for 2 min at an ambient temperature. Similar results were obtained by Stollewerk \[[@B71-materials-12-03726]\], investigating the effect of HPP in sliced cured ham inoculated with *Listeria monocytogenes* at a level of 20 CFU/g. In this study, the application of 600 MPa for 5 min at 13 °C caused a 1.1 log reduction to the initial pathogen level, which remained below detection limit during storage period at 4 °C for 112 days. Interestingly, in the control samples of the same study (samples without HPP treatment) *Listeria* did not exhibit any growth despite the optimum pH, which is in accordance with the findings of the present study. In another study of Jofre et al. \[[@B62-materials-12-03726]\], HPP at 600 MPa for 6 min at 31 °C, caused a reduction from 3.5 log CFU/g to \< 10 CFU/g in cooked ham and dry cured ham, while during refrigeration *Listeria* although was present, remained below the detection limit. In the control samples of the same study, *Listeria* in cooked ham exhibited a mild growth; 1--2 log increase, while in dry cured ham remained in the same levels throughout the refrigerated storage. On the contrary, different observations were made by Koseki et al. \[[@B72-materials-12-03726]\], when HPP treatment did not eliminate the presence of *Listeria monocytogenes* in dry cured ham. Specifically, the use of HPP caused an initial reduction to *Listeria* levels from 5 log CFU/g to \<10 CFU/g (detection limit), however, the pathogen showed a gradual growth and reached the levels of 7--8 log CFU/g after 70 days of storage at 10 °C. It has to be noted that HPP treatment below 450 MPa did not seem to affect *Listeria* counts and reduction of less than 1 log was observed, regardless of the treatment time and temperature \[[@B73-materials-12-03726]\].

To enhance the efficiency of HPP treatment on *Listeria monocytogenes* inactivation, other hurdles can also be applied, in combination with HPP, such as the presence of antimicrobials or active antimicrobial packaging, to enhance a pathogen-free product. Several studies are available dealing with the combined application of both technologies with generally promising results for pathogen inactivation in meat products \[[@B74-materials-12-03726],[@B75-materials-12-03726],[@B76-materials-12-03726],[@B77-materials-12-03726],[@B78-materials-12-03726]\]. In the present study, oregano essential oil was incorporated into Na-alginate edible films and its efficiency against *Listeria monocytogenes* and spoilage microbiota was examined with or without the application of HPP. When only HPP was used, an initial decrease of 1.2 log CFU/g in *Listeria* counts was observed, while the use of OEOS edible films led to a reduction of 1.5 logs in the end of storage period at 8 and 12 °C with the highest reduction observed at 4 °C (2.5 logs). The combination of HPP and OEOS films led to the reduction of *Listeria* counts below the detection limit and also in absence of the pathogen from almost the middle of the storage period. These results are similar with those previously reported by Jofre et al. \[[@B76-materials-12-03726]\], where HPP treatment of 600 MPa for 5 min was combined with the use of the antimicrobials nisin and potassium lactate to inactivate *Listeria monocytogenes* in sliced cooked ham. Consequently, HPP caused a 3 log reduction to *Listeria* counts, while with the use of the antimicrobials no growth was observed throughout the storage time at 1 and 6 °C (\<10 CFU/g). In another study, the efficiency of enterocins as natural antimicrobials together with HPP against *Listeria monocytogenes* in sliced cooked ham was investigated. The authors used a pressure of 400 MPa for 10 min and the antimicrobials with a *Listeria* inoculum of 4.5--5.0 log CFU/g and storage temperatures of 1 and 6 °C. The combination of HPP, enterocins and storage at 1 °C led to a reduction of *Listeria* levels, while the use of enterocins was the most effective when combined with HPP compared to the use of lactate-diacetate and HPP \[[@B74-materials-12-03726]\].

In the present study, *Listeria* growth in ham samples was not observed in any case, including the control samples. A possible explanation can be the levels of the nitrates/nitrites present in the samples. It has to be noted that another critical factor for the growth of *Listeria* is the pH. The pH of the control samples without HPP, was found to be reduced faster compared to the control samples with HPP. The relatively fast drop of the pH, as a result of the increase of the population of the spoilage microbiota (LAB, lactococci/streptococci), could have also affected the fate of *Listeria*. Generally, the pH values for all the cases were decreased by time, while the decrease was less intense in the cases of HPP application. The storage temperature affected the final pH values, with the lowest ones to be observed at the storage temperature of 12 °C (abuse temperature).

Supplementary in this study, PFGE was used in order to monitor the distribution or presence/absence of the different inoculated strains of *Listeria monocytogenes* in each tested case. Based on the results, it was evident that *Listeria* survival was a strain-dependent attribute. Differences were observed in the survival of each strain due to HPP and OEOS edible films application. Strain B133, which was isolated from soft cheese, was barely detected after the HPP application. Due to the fact that the other two strains (B129 and B131) were detected after HPP and where isolated from RTE food, similarly to the matrix used in the current study, it can be assumed that the source of isolation of each strain is important for the fate of *Listeria* when present in other ecological niches. However, it has to be noted that during the selective enrichment step, the strain competition of *Listeria* could have led to false-negative detection results \[[@B3-materials-12-03726]\].

The color values of the samples were determined in the study, due to their importance on quality assessment of the ham by the consumers. The color values were affected by the application of OEOS edible films (*p* \< 0.05) and exhibited higher scores in all temperatures, while HPP treatment had no effect (*p* \> 0.05) on the color. In a previous study \[[@B79-materials-12-03726]\], it was reported that the incorporation of oregano and thyme essential oils in inulin/chitosan blend films resulted in decreased *L*\* (lightness) value and increased both *a*\* (redness) and *b*\* (yellowness) values of the films. In addition, in another study \[[@B80-materials-12-03726]\], the addition of carvacrol and cinnamaldeyde into carrot, apple and hibiscus-based edible films against *Listeria monocytogenes* in contaminated ham and bologna, showed differences in color compared to the control films. Different results, however, were observed in a study of Muriel-Galet et al. \[[@B40-materials-12-03726]\], when ethylene vinyl alcohol polymer (EVOH) supplemented with oregano essential oil at a 5% w/w dry polymer weight was used and no differences were noted in the color value of the EVOH film, after the addition of the essential oil. Regarding the effect of the HPP on the color of the sliced ham, many reports are available in the literature supporting that HPP can alter the color of the treated meat products, something that was not observed in our study \[[@B10-materials-12-03726],[@B11-materials-12-03726],[@B13-materials-12-03726]\]. The final color of the treated ham can be also affected by the fat, salt and water content of the product, as well as from the parameters involved in the HPP treatment (pressure applied and duration).

The HPP treated samples were evaluated with overall better scores (lower) with regard to the sensorial characteristics compared to the samples without HPP treatment. It has to be highlighted that the HPP had no negative effect on the appearance of the ham slices. One of the disadvantages in the use of HPP is the potential effect of the pressure in the color and texture of the fresh products. Usually, HPP has low impact on thermal processed or cured products including ham, although the pressure values are considered critical for the extent of the effects \[[@B13-materials-12-03726]\]. For the case of the OEOS edible films, the aroma of the ham slices was assessed positively (lower scores/more fresh) and are considered as very promising for future applications. This observation was unexpected, due to the intense flavor of the OEO which could potentially have led to a rejection of these samples from the tasting panel. Pesavento \[[@B34-materials-12-03726]\], reported that essential oil concentrations more than 0.5% (v/w) in beef meatballs, resulted in very intense odor of the essential oil, while concentrations more that 2% (v/w) were deemed as unacceptable by the panelists. In the present study, the intensity of the essential oil flavor was masked by the presence of edible film, which mitigated the adverse effect of the oregano essential oil addition to the ham. In another study \[[@B81-materials-12-03726]\], the addition of OEO to poultry meat resulted in more acceptable aroma and flavor in comparison with samples without OEO addition. In addition, Qin \[[@B82-materials-12-03726]\], reported that chitosan with tea polyphenols enhanced the aroma and the acceptability of pork patties.

FTIR spectroscopy revealed differences in samples treated and not treated with HPP and the estimated performance indices of the PLS-R models were found to be slightly different between the cases. A*~f~* values for the non-treated samples were close to one, indicating low average deviations between predictions and observations of the examined microbial groups, however the values of the same index were higher in the case of HPP. On the other hand, the estimated values for B*~f~* were in both cases very close to one, especially for the prediction of TVC, revealing good correlation between observations and predictions. Prediction error (%) values were found to be better for the cases without HPP treatment, with acceptable levels (\>70%) for the prediction of lactococci/streptococci and TVC, while for the LAB the value was slightly lower than the acceptable level. Differently, in the samples treated with HPP, the PE values were quite low for all microbial groups, and thus not acceptable. Based on the results, it is evident that HPP treatment affected significantly the performance of the FTIR models to be used as a tool for the prediction of the actual microbial counts. Similar results were also observed in the previous study of our group, where probiotic-supplemented edible films were used instead of OEOS ones \[[@B54-materials-12-03726]\]. These results can be explained since HPP as a treatment could lead to changes in the matrix of the sliced ham, while ham during its production has received other additions or processes. Generally, it is worth to be mentioned that FTIR spectroscopy has been extensively used to monitor spoilage in raw meat \[[@B60-materials-12-03726],[@B83-materials-12-03726],[@B84-materials-12-03726],[@B85-materials-12-03726],[@B86-materials-12-03726]\], or to detect frozen-then-thawed meat \[[@B87-materials-12-03726]\], but applications and reports in food products such as ham are limited.

5. Conclusions {#sec5-materials-12-03726}
==============

The application of HPP and OEOS edible films, when used separately on ham slices affected the growth and survival of *Listeria monocytogenes* at 4, 8 and 12 °C. The combined application of the aforementioned treatments was found to be the most successful and resulted in a reduction of the pathogen's counts in a shorter time with the lowest final levels. The HPP did not affect negatively the sensory characteristics of the ham slices, while the addition of OEOS edible films enhanced the aroma of the new products. The use of FTIR spectroscopy in tandem with chemometrics to assess the microbiological status and therefore the spoilage of the ham, was found to be adequate for some of the cases, however, revealed difficulties when HPP treatment was applied. The results of the study support the initial hypothesis that HPP and the addition of OEOS edible films in RTE meat products can eliminate the growth and even the presence of *Listeria monocytogenes*, and thus constitute an intriguing outcome for the food industry.

The HPP is a technology that could be utilized in the meat industry, as a second step, i.e., after the slicing stage of the ham, in order to eliminate spoilage and prevent the product from post-thermal cross-contamination. The selection of the ideal time-pressure combination is a critical parameter in a successful HPP application, and requires further customized investigation. Furthermore, the application of Na-alginate films supplemented with antimicrobials in sliced ham could be a good choice providing special organoleptic attributes to the product, whilst prolonging the shelf-life, due to the antimicrobial potential of these films. However, a possible difficulty in the use of edible films is the time required to prepare such films and the addition of the essential oils, even if added in small volumes. Considering these, such a technology would lead to an increase in the cost of the final product, which probably would affect the consumers' options.
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![Growth curves of the different bacterial populations in ham stored at 4 °C for the control samples (**I**), samples with edible film free from oregano essential oil- (OEOF) (**II**) and samples with edible film supplemented with oregano essential oil- OEOS (**III**), without (**a**) and after (**b**) the high pressure processing treatment. (♦) Lactic acid bacteria, (■) lactococci/streptococci and (▲) total viable counts. The bars represent the mean values ± standard deviations.](materials-12-03726-g001){#materials-12-03726-f001}

![Growth curves of the different bacterial populations in ham stored at 8 °C for the control samples (**I**), samples with edible film free from oregano essential oil-OEOF (**II**) and samples with edible film supplemented with oregano essential oil-OEOS (**III**), without (**a**) and after (**b**) the high pressure processing treatment. (♦) Lactic acid bacteria, (■) lactococci/streptococci and (▲) total viable counts. The bars represent the mean values ± standard deviations.](materials-12-03726-g002){#materials-12-03726-f002}

![Growth curves of the different bacterial populations in ham stored at 12 °C for the control samples (**I**), samples with edible film free from oregano essential oil-OEOF (**II**) and samples with edible film supplemented with oregano essential oil-OEOS (**III**), without (**a**) and after (**b**) the high pressure processing treatment. (♦) Lactic acid bacteria, (■) lactococci/streptococci and (▲) total viable counts. The bars represent the mean values ± standard deviations.](materials-12-03726-g003){#materials-12-03726-f003}

![Survival curves of *Listeria monocytogenes* cocktail strains in ham stored at 4 °C (**I**), 8 °C (**II**) and 12 °C (**III**), without (**a**) and after (**b**) high pressure processing treatment. (♦) Control samples, (■) samples with edible film free from oregano essential oil-OEOF and (▲) samples with edible film supplemented with oregano essential oil-OEOS. Open symbols (◊, □, Δ), indicate absence of *Listeria monocytogenes* after application of the enrichment method. The bars represent the mean values ± standard deviations.](materials-12-03726-g004){#materials-12-03726-f004}

![Changes in pH values for ham slices without (**a**) and after (**b**) high pressure processing treatment, during storage at 4 °C (**I**), 8 °C (**II**) and 12 °C (**III**). Values regarding control and OEOF samples (without essential oil), are common with those reported in our previous study \[[@B52-materials-12-03726]\].](materials-12-03726-g005){#materials-12-03726-f005}

![Changes in *C*\* values for ham slices without (**a**) and after (**b**) high pressure processing treatment, during storage at 4 °C (**I**), 8 °C (**II**) and 12 °C (**III**). Values regarding control and OEOF samples (without essential oil), are common with those reported in our previous study \[[@B52-materials-12-03726]\].](materials-12-03726-g006){#materials-12-03726-f006}

![Sensory scores for ham slices without and after the high pressure processing treatment, during storage at 4 (upper line), 8 (middle line) and 12 °C (bottom line). The "total" value represents the mean value of aroma, taste and appearance of each sample rounded to the closest value. Scores regarding control and OEOF samples (without essential oil), are common with those reported in our previous study \[[@B52-materials-12-03726]\].](materials-12-03726-g007){#materials-12-03726-f007}

![Distribution (%) of *Listeria monocytogenes* strains recovered from ham slices at three time points (beginning, middle, end) during storage at 4 °C based on the pulsed field gel electrophoresis (PFGE) profiles, for control samples (**I**), samples with edible film free from oregano essential oil---OEOF (**II**), samples with edible film supplemented with oregano essential oil---OEOS (**III**), without (**a**) or after (**b**) high pressure processing treatment.](materials-12-03726-g008){#materials-12-03726-f008}

![Distribution (%) of *Listeria monocytogenes* strains recovered from ham slices at three time points (beginning, middle, end) during storage at 8 °C based on the pulsed field gel electrophoresis (PFGE) profiles, for control samples (**I**), samples with edible film free from oregano essential oil---OEOF (**II**), samples with edible film supplemented with oregano essential oil---OEOS (**III**), without (**a**) or after (**b**) high pressure processing treatment.](materials-12-03726-g009){#materials-12-03726-f009}

![Distribution (%) of *Listeria monocytogenes* strains recovered from ham slices at three time points (beginning, middle, end) during storage at 12 °C based on the pulsed field gel electrophoresis (PFGE) profiles, for control samples (**I**), samples with edible film free from oregano essential oil---OEOF (**II**), samples with edible film supplemented with oregano essential oil---OEOS (**III**), without (**a**) or after (**b**) high pressure processing treatment.](materials-12-03726-g010){#materials-12-03726-f010}

![Typical raw FTIR spectra in the range of 4000--650 cm^−1^, at the end of the shelf-life at 12 °C, without (**A**) or after (**B**) high pressure processing treatment for control samples ( **--** ), samples with oregano essential oil-free edible films---OEOF ( **--** ), and samples with edible films supplemented with oregano essential oil---OEOS ( **--** ).](materials-12-03726-g011){#materials-12-03726-f011}
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###### 

Performance indices of the partial least squares (PLS) regression (PLS-R) model, correlating the lactic acid bacteria (LAB), lactococci/streptococci and total viable counts (TVC) in each group of ham samples with regards to the high pressure processing (HPP) application, on the basis of FTIR spectral data.

  Performance Indice              Without HPP Treatment   With HPP Treatment                           
  ------------------------------- ----------------------- -------------------- ------- ------- ------- -------
  Prediction error (PE, %)        66.38                   74.29                77.40   30.72   37.57   47.54
  Root mean square error (RMSE)   0.730                   0.624                0.560   1.548   1.735   1.452
  B*~f~*                          0.973                   0.987                0.988   0.942   0.961   1.001
  A*~f~*                          1.082                   1.066                1.059   1.305   1.311   1.235
